Background Aminoglycoside (AG) therapy is a common cause of acute kidney injury (AKI) in cystic fibrosis (CF) patients. The aim of this study was to identify factors associated with AKI during intravenous AG courses in this population. Methods This was a matched case-control study utilizing two independent cohorts of hospitalized CF patients receiving ≥3 days of intravenous AG at Cincinnati Children's Hospital Medical Center and Children's of Alabama. All admissions with AKI (cases, N=82) were matched to two randomly selected admissions without AKI (controls, N=164) by center, gender, and age ±3 years of the case. AKI was defined as a 1.5-fold increase in the baseline serum creatinine (SCr) level or by an increase in SCr level of 0.3 mg/dL within 48 h. Admissions with AKI before day 4 or without at least weekly SCr monitoring were excluded from the analysis. Factors were compared between cases and controls using simple and multiple conditional logistic regression. Results Multivariable analysis identified receipt of an AG within 90 days prior to admission, longer duration of AG therapy, low serum albumin, and receipt of trimethoprim/ sulfamethoxazole as independent risk factors for developing AKI. Infection with Staphylococcus aureus diminished the odds of developing AKI. Conclusions This study identifies risk factors contributing to AG-associated AKI in CF patients. These findings can be used to anticipate high-risk scenarios and limit AKI in CF patients under clinical care.
Introduction
Acute kidney injury (AKI) is a known side effect of treatment with aminoglycoside (AG) antibiotics and has been shown to occur as a direct result of the effects of the medication on the renal proximal tubule epithelial cells [1] . AGs have good activity against many Gram-negative bacteria, including Pseudomonas aeruginosa, and are frequently used in the management of pulmonary exacerbations in cystic fibrosis (CF). AKI develops during an AG course in 24-30 % of non-critically ill children receiving ≥5 consecutive days of the medication and is associated with increased hospital costs and prolonged length of stay [2] . Importantly, children and adults who sustain AKI are at increased risk for long-term morbidity, mortality and the development of chronic kidney disease (CKD) [3] [4] [5] [6] [7] [8] .
Previous studies have examined the relationship between AG use and nephrotoxicity in primarily adult and critically ill patients [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Risk factors, such as hypoalbuminemia, increased AG exposure (duration and doses) and concomitant receipt of other nephrotoxic medications, have been described in these non-CF populations. However, these factors have not been consistently reported from one patient population to another and may not apply to younger CF patients. While AG therapy has been implicated as a primary risk factor for AKI in patients with CF [21] [22] [23] , to date no study has sought specifically to identify other factors which may contribute to the risk of AG-associated AKI in pediatric CF.
Repeated courses of intravenous (IV) AG in CF patients may be associated with long-term kidney damage [24, 25] . With a paucity of suitable alternative antibiotic choices available to the clinician, it is imperative to (1) understand the factors which contribute to an increased risk of AKI from AG use in patients with CF and (2) develop effective methods to decrease injury associated with each individual exposure. We conducted a matched case-control analysis to identify risk factors for AG-associated AKI in hospitalized pediatric CF patients in order to define high-risk scenarios that might benefit from reno-protective strategies.
Methods Study design, setting and participants
This retrospective two-center matched case-control study was conducted at Cincinnati Children's Hospital Medical Center (CCHMC; Cincinnati, Ohio) and Children's of Alabama (COA; Birmingham, Alabama). All individual admissions were eligible for inclusion if the CF patient was admitted to a non-critical care unit of the hospital for a pulmonary exacerbation and received at least 3 consecutive days of an IV AG antibiotic (gentamicin, tobramycin or amikacin). Recurrent hospitalizations could be included if the repeat admission occurred least 7 days following completion of the previous antibiotic course. Individuals with a history of lung transplantation or hospitalizations with insufficient renal monitoring [less than weekly serum creatinine (SCr) measurements] were excluded from the study. Hospitalizations complicated by earlyonset AKI (within 72 h of the start of AG therapy) were also excluded, as this was felt to possibly reflect a separate group in which different factors precedent to hospitalization and unrelated to AG receipt may have contributed to early renal injury.
Cases were defined as any subject admission during which AKI developed according to Kidney Disease-Improving Global Outcomes (KDIGO) criteria [26] on or after day 4 of AG therapy (see section Study definitions). All cases were included in the study. Individual admissions in which AKI was not detected during AG therapy were eligible to be controls and were matched to each case according to gender, age (±3 years) and center at which care was provided (CCHMC or COA). Two controls were randomly selected per case. A specific subject could contribute separate admissions as cases or controls depending on whether AKI developed, but could not provide both case and control admissions within the same matched group. This study was approved by the Committees for the Protection of Human Subjects with a waiver of informed consent at both institutions.
Data collection
Data were collected from two independent CF cohorts receiving IV AG therapy at CCHMC and at COA using a common data abstraction form. The CCHMC study population included subjects admitted from January 10, 2010 through June 30, 2012, while the COA study population included subjects admitted from August 3, 2009 through April 28, 2011. The medical records of all patients receiving IV AG in the hospital for >48 h were reviewed to determine eligibility and identify those who met case and control definitions. Each subject's hospital medical record was reviewed for information pertaining to demographics, past medical history, laboratory assessments and hospital management. Two sets of respiratory cultures were reviewed (on admission and most recent prior to admission). Spirometry performed within the 6 months prior to and at the time of hospital admission was reviewed. Data related to administration of the AG (drug, dosing regimen, duration of therapy), concurrent antibiotics and nephrotoxic medications were collected.
Study definitions
Acute kidney injury was defined based on changes in SCr, according to KDIGO criteria [26] : a rise in SCr by ≥0.3 mg/ dL within 48 h or a 1.5-fold increase in the baseline serum creatinine (SCr) level. Baseline SCr was defined as the lowest value obtained within 3 months prior to and following admission. In order to avoid situations in which a very small SCr rise was adjudicated as AKI (for example, a change from 0.3 to 0.5 mg/dL), the SCr value had to be at least 0.6 mg/dL to be considered AKI. AKI occurring on/after day 4 of an AG course was defined as AG-associated AKI (case definition). KDIGO urine output criteria for AKI were not used since urine volume measurements are not routinely obtained during CF patient admissions, and drug-induced AKI is usually nonoliguric in nature.
A history of underlying kidney disease included a history of any of the following conditions: diabetic nephropathy, kidney stones or documented diagnosis of CKD. Prior AKI was identified via review of all available SCr data for included subjects. Recent AG receipt was defined as IV AG administration within 90 days of hospital admission. Hypoalbuminemia was considered to be an albumin level of <3.5 g/dL [27, 28] obtained within 48 h of admission. Anemia was defined according to World Health Organization criteria for age and gender [29] . Underweight was categorized as a body mass index (BMI) of <5th percentile for age and gender for children <20 years of age according to the Center for Disease Control and Prevention growth curves [30] or <18.5 for adults. Vancomycin, amphotericin, penicillins, cephalosporins, antivirals, non-steroidal anti-inflammatory medications, calcineurin inhibitors, loop diuretics, angiotensin-converting enzyme inhibitors and computed tomography contrast agents were classified as nephrotoxins [7, 31] . Concomitant nephrotoxic medication use was defined to be present if given at ≥24 h of the AG treatment course.
Baseline forced expiratory volume in 1 s (FEV 1 ) was defined as the highest value within the 6 months prior to admission. The change in FEV 1 from baseline to admission was calculated as the absolute difference between these two values. Baseline estimated glomerular filtration rate (eGFR) was calculated using established formulae for children (<18 years of age) and adults. Subject height at start of AG therapy and baseline SCr were used to calculate eGFR among children using the Schwartz equation [32] , while eGFR was derived using baseline SCr, age, gender and race among adults according to the Modification of Diet in Renal Disease equation [33] . Due to the matched nature of the study, eGFR was calculated using the same equation for cases and matched controls regardless of age of the control.
Statistical analysis
Data were collected and entered independently at the two centers into a single electronic database for data management and analysis using REDCap electronic data capture tools hosted at CCHMC [34] . Statistical analyses were performed using Stata 13.0 (StataCorp LP, College Station, TX).
Categorical variables were described using frequencies and percentages, while continuous variables were described using means with standard deviations or medians with interquartile ranges (IQR), as appropriate. Variables among cases and matched controls were compared in unadjusted analyses using simple conditional logistic regression. Antibiotics were analyzed individually and by antibiotic class if more than one agent among a class had been administered among the entire study population. Antibiotics with activity against methicillinresistant Staphylococcus aureus (MRSA) were grouped as vancomycin, trimethoprim-sulfamethoxazole (TMP/SMX) and other (clindamycin, linezolid, doxycycline) due to the different nephrotoxic potential of these medications. Inhaled antibiotics with potential nephrotoxic effects (tobramycin and colistin) were grouped together for analysis; use of inhaled aztreonam was not assessed.
A stepwise, multiple conditional logistic regression model was constructed to determine the independent effects of clinical variables on the development of AG-associated AKI. Variables with a p value of <0.2 on univariate analysis were considered for inclusion in the final multivariable model; factors with an adjusted p value <0.05 remained in the final model. The change in FEV 1 from baseline to admission was not assessed in multivariable analyses because complete data were available for only 80 % of cases and missing data were not assumed to be random (sicker patients were less likely to have spirometry performed on admission).
To examine whether repeated measurements (admissions) among individual subjects affected the results, we performed several additional analyses. First, to investigate whether admissions were statistically independent, a mixed effects logistic regression model tested the significance of subject level clustering in the final multivariate model. Next, a subset of cases and controls was derived in which one admission per subject was randomly selected from each group. Subjectspecific risk factors (those listed below in Table 1 , as well as culture results) were compared among the single admission subset and total study population using a two-sample test of proportions, the t test or the Mann-Whitney U test for categorical, normally-and non-normally distributed continuous variables, respectively. The inclusion of multiple admissions was considered to have a significant impact on a variable if: (1) there was a significant (p<0.05) change in the proportion or distribution of the variable among cases or controls, or (2) the p value derived from univariate analysis of cases and controls was significant (p<0.05) among the single admission subset but not among the entire study population.
Results
During the stated time periods, we identified 593 pediatric hospital admissions in which IV AGs were used to treat a CF exacerbation (N=199 at CCHMC, N=394 at COA). AKI occurred in 131 (22 %) of these, of which 49 occurred within 72 h of admission (deemed early-onset AKI and excluded from further study). Figure 1 displays a flow chart of the remaining 82 admissions that met the study definition of AG-associated AKI. Fifty-four unique subjects sustained AKI during the study, of which 35 (75 %) had a single AKI episode, 12 (22 %) had two AKI episodes, five (9 %) had three episodes and two (4 %) had four episodes. Ninety-one unique patients contributed to the hospital admissions which constituted the 164 matched controls for this study. Among subjects contributing admissions to the control group (N=91), 53 There was no correlation between serum albumin level on admission and BMI in our study (r=−0.02, p=0.83). When adjusting for age, the partial correlation coefficient remained non-significant (r=0.07, p=0.19). The albumin level was <3.5 g/dL in 23 % of underweight subjects versus 12 % among non-underweight subjects (p=0.04).
The most commonly identified pathogens on respiratory cultures were Pseudomonas species (71 %), Staphylococcus aureus (58 %), Achromobacter xylosoxidans (10 %), and Stenotrophomonas maltophilia (8 %). Among subjects for whom minimum inhibitory concentration (MIC) data were available for Pseudomonas species (N =173), the tobramycin MIC was similar between cases and controls (p>0.05 for both highest and lowest MIC available). S. aureus was cultured less often from cases than from controls [49 % (cases) vs. 62 % (controls); p=0.04)] as was MRSA [28 % (cases) vs. 38 % (controls); p=0.13]. No differences were detected in the prevalence of other pathogens.
Compared to subjects without S. aureus, those with S. aureus (N=142) less often had prior AKI (60 vs. 79 %; p=0.002) or recent AG receipt (44 vs. 63 %; p=0.005), were less often underweight (11 vs. 28 %; p<0.001), and had fewer hospital admissions in the prior 5 years (median: 12 vs. 14; p= 0.01). Subjects with and without S. aureus were similar in terms of gender, age, baseline SCr, and duration of AG therapy. Among subjects with complete spirometry data, those with and without S. aureus had similar changes in FEV 1 : 13 vs. 11 %, respectively (rank sum p=0.12). Results related to antibiotic and medication administration are given in Table 2 . Tobramycin was the AG agent administered to the majority of subjects [96 % (cases) vs. 93 % (controls); p=0.33]. The mean daily AG dose was similar among cases and controls. Cases received longer AG courses and were more likely to receive TMP/SMX, while they were less likely to receive other anti-staphylococcal antibiotics, most notably linezolid [5 % (cases) vs. 13 % (controls); p= 0.05). Receipt of two or more nephrotoxins during therapy occurred in 16 % of both cases and controls. There were no differences in the proportion of cases and controls receiving AG dose reductions [15 % (cases) vs. 14 % (controls); p= 0.90) or a prolongation of the AG dosing interval [4 % (cases) vs. 9 % (controls); p=0.18]. Table 3 shows the results of our multivariable model. After controlling for other significant variables, receipt of an IVAG within 90 days of admission, low serum albumin (<3.5 g/dL)
at AG initiation, a longer duration of AG therapy, and concomitant receipt of TMP/SMX were independently associated with increased odds of AG-associated AKI. The presence of S. aureus on recent respiratory culture was associated with decreased odds of AKI. No specific nephrotoxins were associated with AG-associated AKI in this study even when added to our final model (data not shown). We examined possible interactions between the presence of S. aureus and receipt of TMP/SMX and found that the interaction term was not significant (p=0.45).
When variables in the final multivariate model were incorporated into a generalized linear mixed-effects logistic regression model fit with maximum likelihood estimation using subject as a random effect, subject-level clustering was not significant: the 95 % confidence interval for the variance of the regression coefficient attached to subject crossed zero. When the random effect was removed, there was no difference in the model outputs with or without the random effects. Therefore, repeated visits from individual subjects were deemed independent. Univariate analyses of risk factors among the subset which included only a single admission per subject demonstrated few differences compared to analyses of all hospitalizations. The only variable significantly impacted by inclusion of multiple admissions for a single subject was the number of admissions in the previous 5 years. Among the single admission subset, the median number of previous admissions was higher among cases (13.5 vs. 8; two-sample Mann-Whitney U test p=0.007).
Discussion
Our study identifies several important predictors for AGassociated AKI in children and young adults with CF, including recent receipt of an AG, duration of AG therapy, low albumin, and concomitant receipt of TMP/SMX. These findings will help clinicians manage children and young adults with CF and assist investigators in the design of future studies on AKI in CF patients. Recognition of clinical-and patientrelated factors which increase the risk for AKI may allow providers to implement strategies to mitigate AKI in this high-risk population.
AG nephrotoxicity results from drug accumulation within the proximal tubule cells. Thus, longer courses of AG lead to increased drug exposure and opportunities for toxicity [12] [13] [14] [15] [16] [17] . The threshold for development of AKI likely varies between individuals, and recent receipt of an AG, for example, could lead to an impaired ability to handle the drug safely. Therefore, the development of nephrotoxicity in individuals with recent AG exposure may be more likely. There are no clear guidelines on the optimal duration of antibiotic courses in CF, but our findings suggest that efforts to identify the duration of AG exposure which maximizes efficacy and minimizes toxicity are needed.
We found an independent association between low albumin levels and AKI. Previous studies in other populations have also reported low albumin as a risk factor for AG nephrotoxicity [9, 11] . AGs do not bind highly to serum proteins, and the largest proportion of an administered AG is present as a free drug in the serum. Therefore, it is unlikely that a patient's protein status leads directly to increased serum levels and added toxicity. Instead, hypoalbuminemia may contribute to toxicity in other ways. Albumin and AG are transported via the same endocytic receptor, megalin, in the proximal tubule [35] . While low albumin levels could result from poor nutrition, deficiency may instead reflect decreased renal reserve and signal an increased sensitivity to AG drug accumulation. In vitro studies [36] have also demonstrated that megalin substrates can prevent renal uptake of gentamicin and mitigate toxicity; it is possible that albumin competes for megalin binding sites and that normal albumin levels could be protective. Consideration of nutritional (and pre-hospitalization hydration) status may therefore mitigate the risk of toxicity from AG exposure. We chose a cut-off of 3.5 mg/dL to define hypoalbuminemia based on normative values at our centers, as well as those reported for children and adults [27, 28] , but this association between low albumin and AKI was also present when analyzed as a continuous measure (p=0.003) or when dichotomized at more profound levels of deficiency (<3.0 g/dL, p=0.007).
Our study also identified several unexpected associations. First, we found a strong association between TMP/SMX use and AKI. TMP can elevate SCr level through inhibition of tubular secretion of creatinine without a true change in GFR [37] . However, cases of AKI attributable to TMP/SMX have been reported [38] as TMP/SMX may potentiate the nephrotoxic effects of other nephrotoxins [39] . Therefore, it is challenging to know whether the positive association seen in our study is real or, in part, artifact. History of prior AKI, baseline SCr, and duration of AG receipt did not differ among subjects based on TMP/SMX use, and the association between TMP/ SMX and AKI was significant both among subjects with and without S. aureus-positive cultures. We suspect that the association of TMP/SMX and AKI is not the result of the presence of other confounders. Given the frequent use of TMP/SMX in the CF population, we would suggest that close monitoring of SCr is necessary when this drug is co-administered with an AG. Other formal measures of GFR are not routinely performed in CF patients, but utilization of these could ascertain the effect of TMP/SMX on renal function. Alternatively, use When controlling for other variables, the presence of S. aureus on recent respiratory culture was associated with a decreased risk of AKI in our study. Subjects with S. aureus less often had prior AKI or recent AG exposure, were less often underweight, and had fewer hospital admissions in the prior 5 years despite having a similar age, gender, and degree of respiratory impairment as subjects without S. aureus. This leads us to believe that this subset of CF patients with S. aureus co-infections may have a different underlying risk for AKI. Even though all subjects in our study received an AG, it is possible that those with recent S. aureus infection had decreased cumulative lifetime nephrotoxin exposure.
Finally, it was unexpected that the receipt of other nephrotoxic agents was not associated with AKI in our study. Nephrotoxins may have been avoided in subjects deemed to be at higher risk for AKI. Another possibility is that the specific nephrotoxic agents administered in our study population, which were mostly antibiotics (cephalosporins, penicillins and vancomycin), do not add to the significant toxicity of AG in CF. Contrary to studies in critically ill and adult populations [17, 18, 20] , utilization of vancomycin also did not carry an increased risk of AKI during CF hospitalization. Since the majority of nephrotoxins administered in patients with CF are antibiotics, the lack of detected impact of nephrotoxins may have resulted from treatment with similar regimens among cases and controls. Patients frequently receive the same antimicrobial medications on each admission, and the specific antibiotic regimen used may contribute minimally to the nephrotoxicity of AGs in this population. Similarly, the use of once-daily AG therapy among the majority of subjects in our study may have prohibited detection of a nephroprotective effect of extended interval dosing as has been reported in other studies [40] .
The strengths of this study include utilizing data from independent cohorts of patients at two urban, free-standing children's hospitals. Importantly, the rate of AG-associated AKI at the two institutions was similar (approx. 15 %). Both centers had an additional 8 % incidence of early AKI (<72 h) which we excluded for the purposes of this analysis. Combined data from these two large pediatric institutions represent standardized inpatient CF care and offer a sufficient population to identify risk factors for AG-associated nephrotoxicity. Inpatient management of patients at these hospitals is expected to be similar to the care provided at other pediatric institutions. Thus, risk factors identified by this study are expected to be generalizable to pediatric CF inpatients at other facilities. Other strengths include a casecontrol design, which allowed us to match for important potential confounders (gender, age and center) and the use of a contemporary AKI definition.
Despite these strengths, we acknowledge several important limitations. Differences in therapeutic drug management between the two institutions limited direct investigation of the impact of serum AG concentrations and AKI development. Specifically, among recipients of once-daily AG therapy, serum concentrations were measured at 3-and 10-h post-infusion at CCHMC and as peaks and troughs at UAB, precluding direct comparison of drug levels. However, we confirmed no differences in the proportion of cases and controls requiring a reduction of the AG dose or an extension of the dosing interval, suggesting that detection of unstable serum drug concentrations did not contribute to AKI risk.
Second, we defined cases and controls based on admissions rather than individual subjects. Since episodes of AKI occur sporadically rather than consistently for any subject, we evaluated each admission as an independent event. In order to ascertain the potential bias of our approach, we tested for statistical independence of repeated admissions among individual subjects using a mixed-effects model and found no significant effects of subject. Defining cases and controls according to admissions allowed us to focus on potentially modifiable risk factors which could be identified at the time of AG administration.
Lastly, the study's retrospective design also conferred limitations. For example, SCr continues to be the most commonly used and widely accepted measure of renal function in the clinical setting, necessitating its use in this study. We acknowledge the limitation in using an SCr-based demarcation of kidney injury and recommend incorporation of more sensitive markers of kidney injury (e.g., urinary biomarkers) to better evaluate the impact of AG exposure on renal function. Because SCr was not measured daily in our cohorts, it is possible that a number of the control cases indeed had AKI, but were not captured if SCr was not measured. Thus, there is a risk of misclassification bias which could affect our study's findings. Additionally, complete lung function data were available in only 80 % of cases. Spirometry was less often performed in sicker patients (lower baseline FEV 1 among subjects without admission FEV 1 ), thereby preventing reliable inclusion of respiratory data in the multivariable model. The impact of acuity of pulmonary decline on the development of AKI should be explored in future prospective studies.
In conclusion, we have identified a number of potential risk factors for AG-associated AKI in children and young adults with CF. Patients with CF are frequently exposed to numerous courses of antibiotics over a lifetime, including intravenous AG. Identification of those at highest risk for toxicity may allow selection of alternative medications or more rigorous therapeutic drug management to minimize untoward effects of these important drugs. Future prospective studies are needed to further explore the associations described in our study and improve the safety of recurrent AG use in this population.
